Active shielding is commonly used to measure remote grounded capacitive sensors because it reduces the effects of both external noise/interference and parasitic capacitances of the shielded cable. However, due to active shielding, the measurement circuit can become unstable and inaccurate. This paper analyses these limitations theoretically and experimentally, and then provides guidelines for improving the performance of active shielding. One of the key points is the selection of the bandwidth of the amplifier that drives the shield of the coaxial cable. A wide bandwidth improves accuracy, but a narrow bandwidth improves stability. Therefore, there is a trade-off between stability and accuracy with respect to the bandwidth of the amplifier.
Introduction
Capacitive sensors are increasingly common in laboratory and industrial measurements because they can be built with affordable technologies, can be tailored to the geometry of different applications and have low power consumption [1] . This paper deals with interface circuits for grounded capacitive sensors, i.e. sensors in which one of the two electrodes is connected to the ground. Several humidity sensors, liquidlevel sensors [2, 3] and distance/proximity sensors [4] belong to this group.
In many industrial applications, the sensor is not close to its readout circuit. In these cases, to reduce the effects of external noise and interference, the sensor is connected to the circuit using a coaxial or shielded cable. There are two types of shielding: passive and active. In the case of passive shielding, the outer conductor is connected to the ground, as shown in figure 1(a) . Regrettably, this shielding is not suitable for grounded capacitive sensors because the parasitic capacitance of the coaxial cable (C p ), whose value can be much greater than that of the sensor and depends on the environmental conditions, would be in parallel with the sensor (C x ) [5] .
In the case of active shielding, the outer conductor is driven at the same potential as that of the inner conductor by using a buffer amplifier [6, 7] , as shown in figure 1(b) . Here, on the one hand, external interferences are driven to ground through the low output impedance of the amplifier and, on the other hand, C p ideally does not affect the measurement of C x because both cable conductors are at the same potential. Therefore, in principle, this technique solves the drawbacks of passive shielding. However, due to the parasitic components of the coaxial cable, the buffer amplifier has a positive feedback path that can bring about instability [8] [9] [10] [11] . In addition, due to the limited bandwidth of the buffer amplifier, the inner and outer conductors of the coaxial cable are not at exactly the same potential. Consequently, the effect of C p is not completely cancelled, thus limiting the accuracy of the measurement.
This paper analyses the stability and accuracy of the active shielding technique when it is applied in the measurement of grounded capacitive sensors. This analysis provides guidelines for selecting the bandwidth of the buffer amplifier. 
Circuit overview
Grounded capacitive sensors are usually measured using RC oscillator circuits, which can easily be implemented with, for instance, a 555 timer IC [1, 10] or a comparator-based relaxation oscillator [4, 10, 11] . Such an RC oscillator basically relies on a Schmitt trigger (ST) comparator, which has an upper (V TH ) and a lower (V TL ) threshold voltage, a resistor R c and the capacitive sensor C x itself, as shown in figure 2 . The oscillator circuit works as follows. Let us consider that first the comparator has a high-level output voltage. Then, C x is charged towards the positive supply voltage (V DD ) through R c and, hence, the voltage v p increases exponentially with a time constant τ 1 = R c C x . When v p reaches V TH , the comparator is triggered. Afterwards, the comparator has a low-level output voltage and, hence, C x is discharged towards ground through R c and v p decreases exponentially.
When v p reaches V TL , the output of the comparator returns to its initial state and the process starts again. Figure 3 shows the resulting exponential waveform of v p during the chargingdischarging process. Under ideal conditions, the output of the comparator is a square-wave signal whose period is proportional to C x [12] . This time-based output signal can be measured directly using a digital system, such as a microcontroller, as shown in figure 2 .
The circuit can also include one or more reference capacitors (which are selected by an analogue multiplexer) to compensate for the deviation of the resistor, the supply voltage and the threshold voltages [11] .
The function of the buffer amplifier that drives the shield of the coaxial cable can easily be carried out by an operational amplifier (OpAmp) configured as a voltage follower, as shown in figure 2 . In order to drive the shield correctly, the OpAmp must (a) be unity-gain stable, (b) have a slew rate greater than the maximal slope of the exponential signal ( figure 3 ) and (c) have a rail-to-rail input/output topology or, at least, the common-mode input voltage range and the output swing must include the voltage range of the exponential signal ( figure 3 ). Regrettably, it is not clear how to select the bandwidth of the OpAmp in order to achieve a good performance. Next, we will provide rules for bandwidth selection.
Theoretical analysis
The performance of active shielding is analysed using the circuit shown in figure 4 (a). This circuit uses an input voltage v in instead of the voltage provided by the ST comparator in figure 2 . The voltage to be analysed is v p , which is the voltage that will then be compared to the threshold voltages of the ST comparator. Figure 4 (b) shows the equivalent circuit of figure 4(a) when the parasitic components of the interconnection cable are taken into account. The capacitor C p represents the capacitance between the inner conductor and the shield of the coaxial cable, L p is the inductance of the current loop between the circuit and C x , and R p is the resistance of the interconnection conductors. Let us assume that R p , C p and L p depend linearly on the length of the interconnection cable and define r p , c p and l p as the parasitic resistance, capacitance and inductance per unit length, respectively.
With regard to the OpAmp, we apply the macro-model shown in figure 5 , which includes two voltage-controlled voltage sources (VCVS). The first VCVS has a gain of A 0 , which is the differential dc gain of the OpAmp, whereas the second VCVS has a unity gain. The resistor R opa and the capacitor C opa model the frequency limitations. As a result, the OpAmp has a dominant pole ω a = 2πf a = (R opa C opa ) −1 and a unity-gain bandwidth ω b = 2πf b = A 0 ω a . The model in figure 5 also takes into account the output resistance R o .
A voltage follower based on the OpAmp shown in figure 5 behaves as a unity-gain first-order system with a time constant τ b = 1/ω b . If the threshold voltages of the ST comparator are close to each other, then the input signal of the voltage follower shows an almost triangular wave shape, as shown in figure 3 . The response of a unity-gain first-order system to a ramp input signal is shown in figure 6(a) [10] , where m is the slew rate of the input signal, τ is the time constant of the system and e v , which is equal to mτ , is the voltage difference between the input and the output. Therefore, the output signal of the voltage follower will differ slightly from the input signal. As an example, figure 6(b) shows the input (v p ) and output (v o ) signals of the voltage follower at the beginning of the charging stage.
Taking into account the above models, next we analyse theoretically the stability and accuracy of the circuit.
Stability
A systematic analysis of the circuit in figure 4(b) provides the following fourth-order transfer function between V p (s) and V in (s):
where
If we consider some practical relations between the parameters (e.g.
, then the denominator polynomial d(s) of equation (1) is simplified to
By applying the Routh-Hurwitz stability criterion [13] in equation (4), we obtain the following stability condition:
where the frequency f stab , which is determined by the components of the circuit in figure 4(b), is defined as the maximal allowable bandwidth of the OpAmp to guarantee stability. Figure 7 depicts the value of f stab as calculated from equation (5) versus C x for different lengths of the coaxial cable. We consider r p = 1.0 m −1 , c p = 100 pF m −1 and l p = 1.0 µH m −1 , which are the features of the interconnection cable used in the experimental setup, and R c = 100 k . The output resistance of an OpAmp generally ranges from 50 to 200 [14] . Here we apply the minimal value (i.e. R o = 50 ) since, according to equation (5) , this is the worst case in terms of stability. Applying the minimal value of R o to estimate f stab can bring us to reject an OpAmp that could be used, but this is much better than to accept an OpAmp that makes the circuit unstable. Figure 7 shows that the greater either C x or , the smaller f stab and, hence, the smaller the maximal allowable bandwidth of the OpAmp. For instance, for C x = 100 pF and = 1 m, the circuit is stable when f b < 16 MHz.
Equation (5) shows that practically f stab is inversely proportional to the parasitic inductance L p . Therefore, we can improve the stability of the circuit by decreasing L p , i.e. by decreasing the area of the current loop between the circuit and C x [15] . On the other hand, as either C p or the factor R p + R o increases, so does f stab . Accordingly, a capacitor placed in parallel with C p and/or a resistor added in series with either R p or R o should improve stability. 
Accuracy
where ω 1 = 1/τ 1 . During the charging stage, the input voltage shows a step of magnitude V DD , i.e. V in (s) = V DD /s. Then, transforming equation (6) into the time domain yields the following transient response:
From equation (7), the time interval t ch needed to charge C x through R c from V TL to V TH equals
Let us now analyse the effect of active shielding on the time interval t ch . Firstly, if the stability of the circuit is guaranteed, the inaccuracy can be evaluated by applying a simplified circuit model. In relation to the interconnection cable ( figure 4(b) ), the effects of L p and R p are neglected; the capacitor C p has a dominant effect on the accuracy, which will be proved experimentally in section 4. With regard to the OpAmp (figure 5), the effect of R o is also neglected. Secondly, the initial conditions here are v Cx (0) = V TL , v Copa (0) = V TL +e v and v Cp (0) = −e v , where e v is the voltage difference between the input and the output of the OpAmp due to its limited bandwidth. Just when the discharging signal reaches V TL , the slew rate is m = tan ϕ = V TL /τ 1 ( figure 3 ) and, hence, the voltage error is e v = (ω 1 /ω b )V TL ( figure 6(b) ). Taking into account the above considerations, the initial conditions and ω b ω a , we find, in the Laplace domain,
Then, for V in (s) = V DD /s, transforming equation (9) into the time domain yields
where s 1 and s 2 are the roots of the equation G(s) = 0, and
The ideal and actual exponential waveform of v p (described by equations (7) and (11) respectively) are represented in figure 8 for C x = 100 pF, R c = 100 k , V DD = 5 V, V TL = V DD /3, V TH = 2V DD /3, f b = 500 kHz and C p = 100 pF. Except for the value of f b , which is small so its effects can be seen more clearly, the rest of the values are usual. Figure 8 shows that, due to the limited bandwidth of the OpAmp and the effect of C p , the transient response is slower and the charging time is longer. As a result, there is an error in the charging time.
Equation (11) does not have a symbolical solution for t ch . Consequently, the actual value of t ch and its relative error (using the value provided by (8) as a reference value) have been calculated numerically. Figure 9 shows the relative error of t ch versus f b for different values of C p (50 pF, 100 pF and 200 pF, which correspond to 0.5 m, 1 m and 2 m of cable length respectively) when C x = 100 pF, R c = 100 k , V DD = 5 V, V TL = V DD /3 and V TH = 2V DD /3. From figure 9 , we can conclude that, whenever the circuit is stable, the greater the value of f b or the shorter the length of the coaxial cable, the smaller the relative error in the charging time.
If the oscillator has symmetrical threshold voltages with respect to V DD /2, the charging and discharging times are the same length. In addition, the time errors as caused by active shielding are equal for both time intervals. Consequently, the results shown in figure 9 can also be applied to estimate the overall relative error for the whole period of the oscillator output signal. For instance, for = 1 m and f b = 10 MHz, the period of the output signal has a relative error of 0.2%.
An error in the period of the oscillator output signal directly brings about an error in the estimation of C x and, hence, in the estimation of the measurand. Auto-calibration methods, such as the three-signal technique [16] , cannot compensate for this error because the reference components, which, in a practical setup, are built together with the interface circuit, do not suffer from the influence of active shielding. Therefore, it is advisable to reduce this error by selecting an OpAmp with a large f b value. However, at the same time, the circuit must be stable and, hence, f b < f stab ( figure 7) . Consequently, there is an optimal range of f b values that provide both stability and accuracy.
Experimental results
The performance of active shielding was experimentally tested in terms of stability and accuracy. To evaluate the effect of the bandwidth of the OpAmp, we selected six commercial OpAmps with different bandwidths. All of these OpAmps can operate at a single supply voltage and fulfil the requirements listed in section 2. Table 1 lists the OpAmps and their nominal and actual f b values. The actual value was measured using a sinusoidal frequency sweep. Except for OPA743, the actual value of f b was always higher than the nominal one. Figure 10 . Experimental setup used to test the stability of active shielding. Figure 10 shows the experimental setup used to test the stability. A square-wave signal, which is the input of the circuit under normal operating conditions, was connected to v in . To display the potential instability of the circuit, the signal v p was monitored by a digital oscilloscope (Agilent 54616C) via a 10× probe (with 10 M ||9 pF input impedance). The circuit was considered unstable when a non-decreasing oscillation was superimposed on the exponential signal. The interconnection between the circuit and C x was implemented using coaxial cable for the signal path and one-wire cable for the return path. The one-wire cable was twisted along the coaxial cable in order to reduce the area of the current loop. The features of this interconnection cable were characterized using an impedance analyser (Agilent 4294A), and the results were r p = 1.0 m −1 , c p = 100 pF m −1 and l p = 1.0 µH m −1 . The value of the resistor R c was 100 k . First, in order to validate the circuit model of the interconnection cable shown in figure 4 (b), we tested the stability of, on the one hand, the circuit in figure 4(a) for = 5 m and, on the other hand, the circuit in figure 4(b) for R p = 4.7 , C p = 470 pF and L p = 5 µH, which are approximately the parasitic components of a 5 m interconnection cable according to our model. Both circuits became unstable under the same test conditions. This means that the circuit model seems to be accurate enough to evaluate the stability of the circuit.
We tested the stability for several values of C x (10 pF, 47 pF, 100 pF and 470 pF, which were emulated by means of ceramic capacitors), (0 m, 0.5 m, 1 m and 5 m) and f b Table 2 summarizes the experimental results. For OPA344 and OPA337, the circuit was always stable. This is in agreement with figure 7, because when 5 m and C x 470 pF, the critical frequency f stab is always greater than the bandwidth of these OpAmps. For TLC071 and OPA350, the circuit was unstable under certain conditions (see table 2 ), which is also predictable from figure 7 for f b = 11 MHz and f b = 64 MHz, respectively. However, for the other two OpAmps, some experimental results disagree with the theoretical predictions depicted in figure 7 . For OPA743, the circuit should be unstable when = 5 m and C x = 470 pF, but experimentally it was stable. For AD8655, in addition to the cases listed in table 2, the circuit should also be unstable for (a) = 0.5 m and C x = 100 pF, and (b) = 1 m and C x = 47 pF. These disagreements may be due to an OpAmp output resistance higher than 50 , which is assumed in figure 7 (see section 3.1). If the actual value of R o is higher than 50 , then the circuit can be stable under conditions in which, according to figure 7, it should be unstable.
Finally, we improved the stability of the circuit by connecting a 100 resistor in series with the OpAmp output. Using this resistor, we had fewer instability cases, as predicted in section 3.1. For example, for TLC071, the circuit was unstable only when 5 m and C x 470 pF. Regrettably, this additional resistor increases the effective output impedance of the OpAmp and, hence, can worsen the rejection of external interference, especially at high frequencies. Figure 11 shows the experimental setup used to evaluate the error in the measurement of C x as caused by active shielding. A comparator-based relaxation oscillator was used as an interface circuit [11] and its output signal period was measured by a universal counter (Agilent 53131A). To avoid/reduce errors due to the non-idealities of the comparator, we used a highspeed comparator (TLV3501, 4.5 ns propagation delay) with a rail-to-rail output. We selected R 1 = R 2 = R 3 (= 10 k ), so that V TL = V DD /3 and V TH = 2V DD /3, and hence the duty cycle of the output signal was 50%. Other component values were C x = 100 pF, R c = 100 k and V DD = 5 V.
Accuracy
First, a capacitor C p was used instead of the interconnection cable, as shown in figure 11 . The period of the oscillator output signal was measured for the six OpAmps listed in table 1 and for three values of C p (0 pF, i.e. without any capacitor, 100 pF and 200 pF). The case C p = 0 pF was used as a reference to calculate the relative error of the period. Table 3 summarizes the resultant relative errors. On the one hand, the error for C p = 200 pF was approximately twice that Figure 11 . Experimental setup used to analyse the error in the measurement of C x as caused by active shielding. for C p = 100 pF, and, on the other hand, the error clearly decreased when the bandwidth of the amplifier increased. This performance agrees with the theoretical results shown in figure 9 . Quantitatively, the experimental relative errors were slightly greater than the theoretical ones. Finally, we measured the error in the period of the output signal when C x was connected to the interface circuit via a 1 m interconnection cable. For OPA344, OPA337, OPA743 and TLC071, the resulting errors were very similar to those shown in table 3 for the case C p = 100 pF, as expected since c p = 100 pF m −1 . However, for AD8655 and OPA350, the error could not be measured because the circuit became unstable under such conditions, as indicated in section 4.1 as well. Therefore, the model developed in section 3.2 is helpful in predicting the error caused by active shielding whenever the circuit fulfils the stability condition described by equation (5).
Conclusions
The design of active shielding for grounded capacitive sensors requires special attention in order to prevent instability and inaccuracy. As the length of the shielded cable increases, so do the instability and the inaccuracy. However, an appropriate selection of the bandwidth of the amplifier that drives the shield of the coaxial cable can overcome these limitations. On the one hand, a wide bandwidth improves accuracy, but, on the other hand, a narrow bandwidth improves stability. Therefore, there is an optimal bandwidth range in terms of stability and accuracy. This is especially of interest for measurement systems intended for large/medium-value capacitive sensors. For low-value capacitive sensors (say, below 10 pF), no instability problems are expected since the critical frequency f stab is very high, and hence we can use a wide-bandwidth amplifier. Additional analysis is required for big-size capacitive sensors, such as liquid-level sensors for rivers or containers, since their parasitic components can also play an important role in the stability of the circuit.
